We demonstrate improvements to the cooling power of broad bandwidth (10 GHz) microwave attenuators designed for operation at temperatures below 100 mK. By interleaving 9-m thick conducting copper heatsinks in between 10-m long, 70-nm thick resistive nichrome elements, the electrical heat generated in the nichrome elements is conducted more readily into the heatsinks, effectively decreasing the thermal resistance between the hot electrons and cold phonons. For a 20 dB attenuator mounted at 20 mK, a minimum noise temperature of n ~ 50 mK was obtained for small dissipated powers ( d < 1 nW) in the attenuator. For higher dissipated powers we find n ∝ d 1/4.4 , with d = 100 nW corresponding to a noise temperature of 90 mK. This is in good agreement with thermal modeling of the system and represents nearly a factor of 20 improvement in cooling power, or a factor of 1.8 reduction in n for the same dissipated power, when compared to a previous design without interleaved heatsinks. The field of superconducting quantum computing has advanced to a point where systems with multiple qubits are now available.
The field of superconducting quantum computing has advanced to a point where systems with multiple qubits are now available. 1, 2 Essential advances that have enabled the development of multi-qubit systems include improvements in the energy relaxation time 1 and coherence time 2 , which have risen by five orders of magnitude over the past two decades. 3, 4 As 1 increases, 2 becomes increasingly sensitive to the presence of dephasing. [5] [6] [7] A common source of dephasing in superconducting qubits that use a circuit quantum electrodynamics (QED) architecture 8 is fluctuations in the number of photons in the cavity used to either measure the state of the qubit or act as a quantum bus. 6, [9] [10] [11] Since remarkably small fluctuations in photon number can cause significant dephasing rates, it is essential to isolate the cavity from sources of thermally generated photons in the input and output control lines. 12 To thermalize the microwave control lines connected to a superconducting circuit QED cavity, a series of microwave attenuators or directional couplers are commonly installed at the low-temperature stages in the measurement apparatus. These components reduce thermal noise from higher temperature stages, but when microwave signals are applied to control or read-out the device, electrical power will be dissipated in the resistive elements. 13 At millikelvin temperatures, a surprisingly small level of dissipated power can cause the temperature e of the electrons in a thin-film normal metal element to increase well above the temperature p of the phonons. 14, 15 In the steady state, this "hot-electron" effect can be described by 
where e−p is the rate at which heat flows from the electrons to the phonons, is the volume of the normal metal, and is the electron-phonon coupling constant, which is a material-dependent parameter. Since e−p results in e increasing above p , a resistive element that dissipates electrical power will produce more Johnson-Nyquist thermal noise, and cause more dephasing, than if it were not dissipating power. Hence, when designing an attenuator for operation at millikelvin temperatures, it is important to achieve a large effective coupling ( ) between the electrons and phonons, such that e is close to p . 12 Since is fixed by the choice of material, this is most easily done by increasing the volume of the normal metal that is dissipating power. We recently reported results on heating in broadband microwave attenuators at cryogenic temperatures. 12 These attenuators were constructed from 10 dB attenuation cells with a T-pad configuration (see Fig. 1(a) ) and had a characteristic impedance 0 = 50 Ω and a flat frequency response up to 10 GHz. The resistive elements in each cell were embedded in a coplanar waveguide geometry ( Fig.  1(b) ) and patterned from a sputtered 70 ± 5 nm thick nichrome (NiCr) film on a single-crystal quartz substrate, giving a sheet resistance s = 25 ± 5 Ω/□. To connect the resistors together, a patterned highly conducting thin film of Ag was used. By using a transmon-cavity system as a sensitive average-photonnumber thermometer, 16 a minimum noise temperature n ≤ 50 mK was obtained at low dissipated powers d . However, for d > 0.1 nW, the output noise temperature of the attenuator increased as n ∝ d 1/5.4 .
Both this power law and finite element simulations of the thermal response of the attenuator suggested that the heat was not efficiently conducted out of the nichrome, resulting in the electrons in the NiCr resistors being driven out of equilibrium with the phonons. If the thermal resistance between the electrons and the phonons could have been decreased, a lower noise temperature would have been achieved when dissipating power. In this article, we demonstrate how the cooling power of the attenuator can be improved by an order of magnitude by modifying the layout to increase the effectiveness of the hot-electron heatsinks. First, to better conduct heat out of the NiCr resistor elements and into the cold conducting heatsinks, 15, 17, 18 we have divided the resistor elements in the attenuator circuit (see Fig. 1(b) ) into many small sections (see Fig. 1(c) ). The R = 10 μm length of the individual NiCr sections was chosen based on a detailed finite element simulation. We can understand what sets this length scale by examining the heat flow in a simplified geometry. In particular, consider two cold normalmetal heatsinks on each end of a resistor with length R and cross-sectional area R . If all of the power R dissipated in the resistor is conducted to and distributed uniformly in the heatsinks, the temperature of the electrons in the heatsinks will increase to
where H is the total volume of the two heatsinks and H is the electron-phonon coupling constant for the material used to construct the heatsinks. If we ignore the emission of phonons by the electrons in the nichrome (see supplementary material for a more complete discussion), then heat generated in the nichrome will only flow into the heatsinks by thermal conduction via the electrons, and the maximum electron temperature R (max) will be in the center of the resistor, furthest from the two heatsinks. For good cooling, R (max) should not be much larger than H , and we choose the specific temperature criterion 
where e e is the thermal conductivity of the resistor due to the electrons. For design values p = 20 mK, R = 100 nW, e = 0. , we find R < 10 μm. The implication is that heat can be effectively removed from the NiCr electrons at low temperatures if the resistor sections have a length less than R . On the other hand, we require that the resistors in our T-pad attenuator circuit have specific values (see Fig. 1(a) ). To achieve this, for 1 and 2 we used 83 sections of 10-μm long resistive NiCr elements interleaved with highly-conductive large volume heatsinks (see Fig. 1(d) ), while 3 and 4 each had 208 interleaved resistor elements. The second change to the attenuator involved increasing the volume H of the hot-electron heatsinks. Unfortunately, from Eq. (2) one can see that the electron temperature depends very weakly on the volume. To greatly increase the heatsink volume, thick Cu heatsinks were grown via electroplating. 19 Before performing the electroplating, the individual NiCr elements were covered with a patterned layer of photoresist. A 300 nm thick Cu seed layer was then electron-beam evaporated over the entire wafer, providing good electrical conduction to the electrodes. Next, an 11 µm thick photoresist layer was patterned to define the areas for Cu electroplating. After electroplating, the two photoresist layers were removed and the exposed regions of the Cu seed layer were etched away. Each resulting Cu heatsink had an average thickness of 9 m and a lateral length of 20 m between the NiCr elements (see Fig. 1(e) ).
For testing, a 20 dB attenuator chip was packaged in a copper box (see Fig. 2(a) ). The back of the chip and the two ground planes were secured to the box using silver epoxy. Room temperature measurements of the transmission | 21 | 2 of the packaged device showed an attenuation of (20 ± 2) dB from 0 to 10 GHz, with low levels of reflection | 11 | 2 and | 22 | 2 from the input and output ports (see Fig. 2(b) ).
To measure the effective noise temperature of the attenuator at millikelvin temperatures, we connected the attenuator to the input line of an Al microwave cavity that contained a transmon qubit. 20 The transmon had a transition frequency q /2 = 3.67 GHz and consisted of a single Al/AlO x /Al Josephson junction on a sapphire substrate. The three-dimensional superconducting aluminum cavity had a resonance frequency c /2 = 7.96 GHz. The transmon-cavity system and 20 dB attenuator were mounted on the mixing chamber stage of a dilution refrigerator with a 20 mK base temperature. To thermalize the signals from the 300 K stage to the tested attenuator, an additional 20 dB attenuator was mounted on the 3 K stage, and a 30 dB attenuator on the 70 mK stage (see Fig. 3(a) ). 12 In a separate test for higher dissipated power (discussed below), the 30 dB attenuator was replaced with a 20 dB one. We extracted the qubit dephasing rate φ and then used φ to estimate the average photon number ̅ th stored in the cavity. 11, 12, 16 To increase the sensitivity of the qubit to thermal noise from the 20 dB attenuator, we made the coupling strength of the input cavity port larger than the output port (i.e. in = 1.8 × 10 4 ≪ out = 7.9 × 10 4 ). To find φ , we measured the qubit relaxation time 1 and spin-echo coherence time 2 . The qubit dephasing rate φ was then extracted using φ = 
along with measurements of the dispersive shift /2 = −0.34 MHz and the cavity decay rate /2 = 0.7 MHz, we found that in this case the average number of photons in the read-out cavity was ̅ th = (1.0 ± 0.7) × 10 −3 . Given the total 70 dB attenuation in the input line, ̅ th has a lower bound of ~10 −4 . Our result of ̅ th is about 5 times larger than that recently reported in a system in which the microwave signal to a one-port cavity was filtered by a bandpass cavity attenuator. 21 For an attenuator with output noise temperature n , we expect ̅ th = [exp ( and find n ≤ 55 mK, similar to our previous design. 12 We note that fluctuations in our measured 1 and 2 produce significant uncertainty in φ and the relatively larger fluctuations in 2 suggest that other sources of dephasing may be present. To evaluate the cooling power of the attenuator, we extracted the effective noise temperature n while continuously dissipating power in the attenuator by applying a 1 GHz drive. Figure 3(b) shows n versus the dissipated power d for the 20 dB attenuator in two different cool-downs (blue and red triangles), our previous 20 dB cryogenic attenuator 12 (black circles), and a 20 dB commercial cryogenic attenuator (2082-6243-20-CRYO) from XMA Corporation (green squares). To measure the attenuator at higher dissipated powers (red triangles), we reduced the total attenuation in the refrigerator by replacing a 30 dB attenuator on the 70 mK cold plate with a 20 dB one. We also note that a traveling wave parametric amplifier 22 was used in the output line to amplify the cavity read-out signals while collecting the low power data set (blue triangles). Examining Fig. 3(b) , one sees that it takes about 100 nW of dissipated power to drive the new attenuator to 100 mK. This power is about 10 times larger than the power required to drive the old version (black circles) to 100 mK, and 50 times larger than that of the commercial attenuator (green squares). The amount of improvement between our two attenuators is mainly due to the total volume H of the new heatsinks being 260 larger than that of the previous design.
Finally, we can use the data in Fig. 3(b) to extract the electron-phonon coupling strengths of different materials. In our previous design without the interleaved heatsinks, simulations showed that the heat flow out of the NiCr resistors was the major bottleneck in cooling the electrons, so the output noise temperature was sensitive to the electron-phonon coupling strength of NiCr, and NiCr = 5 × 10 8 Wm −3 K −5 was found (see the black curve in Fig.  2(b) ). 12 For the new design, where we anticipate more of the dissipated heat generated in the NiCr resistors to conduct into the heatsinks, we are more sensitive to the coupling of the electrons with the phonons in the Cu heatsinks. Setting the electron-phonon coupling strength of Cu to Cu = 3 × 10 7 Wm −3 K −5 yields good agreement between our finite-element simulations and the data (see blue and red curves in Fig. 3(b) ). We note that this value of Cu is comparable to previous reports, Cu ≈ 10 8 Wm −3 K −5 . 15 This suggests that additional increases in the cooling power can be achieved by further enlarging the volume of the Cu heatsinks.
In summary, we have developed microwave attenuators with increased cooling power that are suitable for use with quantum devices below 100 mK. This improvement was achieved by decreasing the length that dissipated heat has to travel in each resistor element and interleaving large-volume hot-electron heatsinks. These simple components and related techniques for improving thermalization of signals at millikelvin temperatures will be useful for increasing the dephasing times of superconducting qubits, and possibly improving the performance of other types of millikelvin devices. [23] [24] [25] 
SUPPLEMENTARY MATERIAL
See supplementary material for the analysis of heat flow in a simplified geometry in order to estimate the length R of the resistor sections.
